The residual vibration when a robot manipulator is operated at high speed needs to be suppressed. These vibrations are generated by the resonance of a flexible object being moved by the robot, and research on control algorithms and motion profiles is ongoing to reduce them. In this paper, we propose a method to reduce the residual vibration of an object moved by a robot manipulator by optimizing the acceleration/deceleration time calculated using the object's natural frequency. The relationship between acceleration/deceleration time and the residual vibration in a trapezoidal velocity profile is considered by analyzing the scenario when the jerking motion characteristic of such vibrations occurs. The results of experiments using a commercial robot show that residual vibrations can be reduced by the proposed method without the need for an additional feedback control algorithm while transferring a flexible object over small and large distances.
Introduction
With trends in manufacturing innovation such as Industry 4.0, research interest in the use of robots for automation has grown in recent years [1] . Robot manipulators have been applied to a variety of tasks in industrial applications. For the precise manipulation of objects, it is important to reduce the residual vibration caused by the resonance of the robot and the object once the former reaches the target. In particular, residual vibrations can affect the quality of the robot's action and increase the time needed to complete the task, as they need to be allowed to settle once the manipulator has reached the target. To reduce the vibrations, a method of optimization that uses vibration analysis and dynamic analysis in the design can be used [2, 3] . However, it is impractical to design a new robot for every task for flexible production sites. Motion control is a typical method to reduce vibrations in the robot without changing mechanical design [4] . The generation of vibrations can be influenced according to the profile of the driving motion of the robot. A well-known method of motion control creates such a smooth profile [5] , and pre-filtering can be used as well [6] . However, if a commercial industrial robot is used, the user cannot add a user-made profile algorithm or pre-filtering method into the robot controller because the commercial controller for the industrial robot has closed architecture [7] [8] [9] . For safety reasons, only skilled persons can set motion parameters in the provided trajectory planning method. The method of trajectory planning used in most commercial robots uses a trapezoidal velocity profile [10, 11] . For example, the operator can input the maximum velocity and acceleration of motion to set a trapezoidal velocity profile in commercial industrial robots manufactured by major robot manufacturers [7] [8] [9] .
Related Research
The typical methods used to reduce the vibration of a robot without changing its mechanical design are the feedback and the feedforward methods. Errors caused by vibrations are measured and compensated for by feedback control. However, there is a problem whereby the control scheme of the actuator must be modified to implement a new feedback control law. Therefore, this study focuses on feedforward methods such as motion profile generation and input shaping. The representative method is motion control, which generates a smooth motion profile. It is possible to influence the generated vibrations according to the motion profile imposed on the actuators of the robot. It is not necessary to revise or modify the control scheme for the actuators because the motion profiles are generated using the feedforward method imposed during trajectory generation.
Previous research has attempted to reduce vibrations in robots by applying various smooth velocity profiles, such as the S-curve and the jerk-bounded profile [4, 5, [12] [13] [14] [15] [16] . High-order polynomial motion profiles enable the robot to move smoothly [12, 13] . As orders of a polynomial equation, the position and velocity of the robot have smooth shapes. Residual vibrations can then be reduced by smooth motion, but additional computation is needed because the order of the polynomial equation increases due to an increase in the number of coefficients as a function of time. A large acceleration and torque are also needed to move the same distance as when a trapezoidal motion profile is applied to the motion. The trapezoidal motion profile and third-order motion profile in position are compared in Figure 1 when the same magnitude of maximum velocity is applied to attain the same displacement. The duration of motion for the same displacement is shorter when trapezoidal motion is applied. In Figure 2 , the change in the velocity profiles can be shown according to the order of the polynomial function. The maximum velocity and acceleration increase with the order of the function when the duration of motion is the same. Therefore, it can be inferred that the trapezoidal motion profile is effective in the magnitude of velocity and acceleration in comparison with polynomial motion profiles.
A jerk-bounded or jerk-optimized motion profile is a means of reducing residual vibration [14] [15] [16] . A jerk is the time derivative of acceleration, and quick changes to acceleration can cause jerks of large values. Therefore, some researchers have attempted to show that vibrations can be reduced by minimizing or bounding the jerk. Past research has shown the influence of an optimized trajectory or motion profile. At the same time, it is challenging to determine the jerk limit of an actuator of a robot to bound it in the planning stage.
In addition to velocity profile generation, many studies have explored shaping the motion profile generated by the input-shaping technique using a preprocessing filter [6, 17, 18] . The input-shaping technique proposed in reference [6] shows that vibrations can be reduced by shaping the input according to impulse by reducing the period of vibration and damping ratio. As the implementation is simple and the results are effective for moving systems, efforts have been made to apply this to various systems. For application to robots, a learning technique was applied to industrial robots in reference [17] and vibration control of flexible robots was considered in reference [18] . However, this approach has a disadvantage whereby the time required for motion is prolonged by half the vibration period. To compensate for this, negative input shaping has been proposed in reference [19] , but has been applied to only simple systems, such as a crane, and has not yet been tested on a complex system, such as a multi-DOF robot. A jerk-bounded or jerk-optimized motion profile is a means of reducing residual vibration [14] [15] [16] . A jerk is the time derivative of acceleration, and quick changes to acceleration can cause jerks of large values. Therefore, some researchers have attempted to show that vibrations can be reduced by minimizing or bounding the jerk. Past research has shown the influence of an optimized trajectory or motion profile. At the same time, it is challenging to determine the jerk limit of an actuator of a robot to bound it in the planning stage.
In addition to velocity profile generation, many studies have explored shaping the motion A jerk-bounded or jerk-optimized motion profile is a means of reducing residual vibration [14] [15] [16] . A jerk is the time derivative of acceleration, and quick changes to acceleration can cause jerks of large values. Therefore, some researchers have attempted to show that vibrations can be reduced by minimizing or bounding the jerk. Past research has shown the influence of an optimized trajectory or motion profile. At the same time, it is challenging to determine the jerk limit of an actuator of a robot to bound it in the planning stage.
In addition to velocity profile generation, many studies have explored shaping the motion profile generated by the input-shaping technique using a preprocessing filter [6, 17, 18] . The input- To simplify the design of the motion profile and easily apply it to various robot systems, it is necessary to examine ways of reducing vibrations based on a trapezoidal velocity profile, which is the simplest motion profile. For this purpose, research has been conducted on the design of the trapezoidal profile. Ha et al. [20] showed vibrations can be reduced using a trapezoidal profile by simulating a case where the travel distance was sufficiently large for one-DOF motion. In the trapezoidal profile, the points of acceleration and deceleration indicate zero in control system analysis, and residual vibrations can be reduced by the pole-zero offset effect depending on the point of the pole, which represents the mode of vibration of the system. However, the authors did not verify their proposal on a robot system and did not consider small distances.
In this paper, we propose a method to design a trapezoidal profile that can reduce the vibrations of a six-DOF industrial robot as it transports a flexible object. Experimental verification was performed for various cases, including one where the displacement was long and one where it was short. Experiments were carried out both when the robot configuration was changed during operation and when it was not.
Design of Trapezoidal Velocity Profile
The trapezoidal motion profile is considered here for moving robots. It has a trapezoidal shape at the velocity level, and is known as the linear-segment-with-parabolic-blend (LSPB) trajectory [7, 8] . The trapezoidal motion profile is divided into three sections: acceleration, constant velocity, and deceleration, respectively. If the displacement is positive, the acceleration is positive and constant in the first section. The velocity is then a linear function of time and position is a parabolic curve of time. In the Section 2, acceleration is zero and the velocity has a constant value. Therefore, the position is a linear function of time in this section. Finally, a constant negative acceleration is imposed in the third section and velocity is linearly reduced. Figure 3 shows the position, velocity, and acceleration of the trapezoidal motion profile, where the three sections are shown.
reference [19] , but has been applied to only simple systems, such as a crane, and has not yet been tested on a complex system, such as a multi-DOF robot.
To simplify the design of the motion profile and easily apply it to various robot systems, it is necessary to examine ways of reducing vibrations based on a trapezoidal velocity profile, which is the simplest motion profile. For this purpose, research has been conducted on the design of the trapezoidal profile. Ha et al. [20] showed vibrations can be reduced using a trapezoidal profile by simulating a case where the travel distance was sufficiently large for one-DOF motion. In the trapezoidal profile, the points of acceleration and deceleration indicate zero in control system analysis, and residual vibrations can be reduced by the pole-zero offset effect depending on the point of the pole, which represents the mode of vibration of the system. However, the authors did not verify their proposal on a robot system and did not consider small distances.
The trapezoidal motion profile is considered here for moving robots. It has a trapezoidal shape at the velocity level, and is known as the linear-segment-with-parabolic-blend (LSPB) trajectory [7, 8] . The trapezoidal motion profile is divided into three sections: acceleration, constant velocity, and deceleration, respectively. If the displacement is positive, the acceleration is positive and constant in the first section. The velocity is then a linear function of time and position is a parabolic curve of time. In the section 2, acceleration is zero and the velocity has a constant value. Therefore, the position is a linear function of time in this section. Finally, a constant negative acceleration is imposed in the third section and velocity is linearly reduced. Figure 3 shows the position, velocity, and acceleration of the trapezoidal motion profile, where the three sections are shown. To plan a trapezoidal motion profile, the parameters of motion should be pre-assigned and the displacement given. If the maximum velocity and acceleration are given, the duration of acceleration and motion can be derived. Usually, the operator can assign the maximum values of velocity and acceleration to set the motion parameters in a commercial industrial robot [9] [10] [11] . It is assumed that velocities at the starting and end points are zero as shown in Figure 4 , and that the acceleration and deceleration times are identical. If the maximum velocity is v max and the maximum acceleration is a max , acceleration time t a can be derived as (1) . The displacement is defined as ∆x and assumed to be positive. The time required to reach the target by moving by ∆x is t f , and can be computed by (2) . If the acceleration and deceleration are symmetric, the duration for which constant velocity is maintained is derived as in (3) .
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Profiles for Reducing Residual Vibration
Residual vibration may occur due to resonance during high-speed motion control of the robot, and the generation of jerks can change the shape of the residual vibrations. The jerk, which is the first derivative of acceleration, is a factor in the system because it influences the mechanism. Therefore, jerking occurs when the robot is driven by its mechanism. We analyze the relationship between the time of occurrence of the jerk and the natural frequency at which the resonance can occur. In the case of a trapezoidal velocity profile, the jerk occurs at the beginning and end of acceleration/deceleration as shown in Figure 3 .
In the acceleration section, a positive jerk from a positive impulse generated at the start of acceleration generates vibration, and a negative jerk, which is generated when the acceleration is terminated and the system transitions to the constant velocity section, generates a vibration with the opposite phase. Therefore, when the interval between these points is half the vibration period, which is the reciprocal of the natural frequency as shown in Figure 6 , the amplitude of the two vibrations is added and the residual vibration is amplified. On the contrary, if the acceleration interval is equal to the oscillation period, as shown in Figure 7 , the amplitudes of the two oscillations have different signs, resulting in a cancelation of the residual oscillation.
In the acceleration section, a positive jerk from a positive impulse generated at the start of acceleration generates vibration, and a negative jerk, which is generated when the acceleration is terminated and the system transitions to the constant velocity section, generates a vibration with the opposite phase. Therefore, when the interval between these points is half the vibration period, which is the reciprocal of the natural frequency as shown in Figure 6 , the amplitude of the two vibrations is added and the residual vibration is amplified. On the contrary, if the acceleration interval is equal to the oscillation period, as shown in Figure 7 , the amplitudes of the two oscillations have different signs, resulting in a cancelation of the residual oscillation. The residual vibration is canceled when the interval of the acceleration period is equal to or a multiple of the period corresponding to the natural frequency of the object as shown in (9) and (10) . Moreover, as the same principle is applied to the deceleration section, the residual vibration can be reduced when acceleration time, , and deceleration time, , are multiples of the period corresponding to the natural frequency: The residual vibration is canceled when the interval t a of the acceleration period is equal to or a multiple of the period T vibration corresponding to the natural frequency of the object as shown in (9) and (10) . Moreover, as the same principle is applied to the deceleration section, the residual vibration can be reduced when acceleration time, t a , and deceleration time, t d , are multiples of the period corresponding to the natural frequency:
Experiments
The proposed methods were investigated on a commercial industrial robot. A flexible beam was attached to the end-effector of the robot, and the amplitude and settling time of the residual vibrations were measured when it was moved quickly. The settling time in this paper is defined as the duration from the arrival time in the target position to the time when the amplitude of residual vibration is within ±1.5 mm.
Experimental Setup and Target Task
A steel cantilever 300 mm long and 1 mm thick was used as an object moved by the robot. To measure the natural frequency of the target system, the acceleration sensor MPU-6050 was attached to the end of the cantilever coupled with the robot, and acceleration was measured using the cantilever. The measured values were analyzed using the fast Fourier transform (FFT). The natural frequency of the cantilever calculated using measurements was approximately 8 Hz. Experiments were conducted on a six-DOF commercial articulated robot with a cantilevered beam that could generate residual
vibrations. The robot was an IRB120 model manufactured by ABB [7] . A high-speed camera at 240 fps was installed to photograph the residual vibrations at the point of arrival of the robot as shown in Figure 8 .
In the first task, the natural frequency of the robot was constant because its inertia was constant. The second task featured a change in the inertia of the robot during motion. Its end-effector linearly moved along the diagonal direction in the task space, because of which its configuration kept changing. The moving distance is selected so that the constant velocity section can be included within the workspace or joint limit of the robot. The maximum velocity is chosen by referring to the manual of the robot. 
Constant Configuration
The cases where the acceleration/deceleration time was a multiple of the vibration period corresponding to the natural frequency of 8 Hz, and those where time was not a multiple were compared while the robot linearly moved 500 mm at a maximum velocity of 1000 mm/s. The start position (x, y, z) was (277.9, −250.3, 630) in mm as shown in Figure 9a and the goal was (374, 0, 630) as shown in Figure 9b . The velocity profiles of the robot are shown in Figure 10 . All four cases were tested in the experiment, and were classified according to the acceleration times listed in Table 1 . The results in terms of amplitude and settling time for all cases are shown in Table 1 . Figure 11 shows Two types of task were performed using the robot system and three kinds of motion profiles were tested for each. The first task consisted of rotating only axis-1 without changing configuration. In the first task, the natural frequency of the robot was constant because its inertia was constant. The second task featured a change in the inertia of the robot during motion. Its end-effector linearly moved along the diagonal direction in the task space, because of which its configuration kept changing. The moving distance is selected so that the constant velocity section can be included within the workspace or joint limit of the robot. The maximum velocity is chosen by referring to the manual of the robot.
The cases where the acceleration/deceleration time was a multiple of the vibration period corresponding to the natural frequency of 8 Hz, and those where time was not a multiple were compared while the robot linearly moved 500 mm at a maximum velocity of 1000 mm/s. The start position (x, y, z) was (277.9, −250.3, 630) in mm as shown in Figure 9a and the goal was (374, 0, 630) as shown in Figure 9b . The velocity profiles of the robot are shown in Figure 10 . All four cases were tested in the experiment, and were classified according to the acceleration times listed in Table 1 . The results in terms of amplitude and settling time for all cases are shown in Table 1 . Figure 11 shows measured photos of the maximum deviation at the target. The amplitude and settling time in cases 2 and 4, where the acceleration/deceleration time was a multiple of the vibration period of the natural frequency, were smaller than those in cases 1 and 3. The best in terms of the suppression of residual vibration was case 4. where the duration of acceleration was twice the vibration period. Comparing the best result with the worst result, the amplitude is reduced by 94.6% and the settling time is reduced by 7.75 s. In case 4, the settling time is zero because the magnitude of overshoot is below ±1.5 mm after reaching the goal position.
Electronics 2018, 7, x FOR PEER REVIEW 9 of 18 measured photos of the maximum deviation at the target. The amplitude and settling time in cases 2 and 4, where the acceleration/deceleration time was a multiple of the vibration period of the natural frequency, were smaller than those in cases 1 and 3. The best in terms of the suppression of residual vibration was case 4. where the duration of acceleration was twice the vibration period. Comparing the best result with the worst result, the amplitude is reduced by 94.6% and the settling time is reduced by 7.75 s. In case 4, the settling time is zero because the magnitude of overshoot is below ±1.5 mm after reaching the goal position.
(a) (b) Figure 10 . The velocity profiles when the robot moved 500 mm with a maximum velocity of 1000 mm/s. In the first experiment, the maximum velocities were identical for all cases, but the time taken to move was longer in case 4. To test the influence of the maximum velocity, motion profiles using the same time to move were designed as shown in Figure 12 . The velocity in case 4 was then the largest. The amplitude and settling time in cases 2 and 4, in which the acceleration/deceleration time was a multiple of the vibration period of the natural frequency, were smaller than those in cases 1 and 3. The best cases in terms of the suppression of residual vibration were cases 2 and 4 when the duration of acceleration was identical to or twice the vibration period as shown in Table 2 . Comparing the best result with the worst result, the amplitude is reduced by 95.0% and the settling time is reduced by 8.375 s. The maximum deviations at the target were compared as shown in Figure 13 .
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multiple of the vibration period of the natural frequency, were smaller than those in cases 1 and 3. The best cases in terms of the suppression of residual vibration were cases 2 and 4 when the duration of acceleration was identical to or twice the vibration period as shown in Table 2 . Comparing the best result with the worst result, the amplitude is reduced by 95.0% and the settling time is reduced by 8.375 s. The maximum deviations at the target were compared as shown in Figure 13 . Velocity (mm/s) Figure 12 . The velocity profiles when moving 500 mm over 0.8 s. If the moving distance was short while the duration of acceleration was kept constant, the trapezoidal velocity profile could not be formed. Instead, the triangular velocity profile was designed as shown in Figure 14 . The detailed results are listed in Table 3 . In this experiment, case 2 was the best, where the duration of acceleration was identical to the period of vibration. Figure 15 shows photos of the maximum deviation at the target. The results show that the residual vibration was effectively reduced when the duration of acceleration was identical to or a multiple of the period of vibration. Comparing the best result with the worst result, the amplitude is reduced by 94.5% and the settling time is reduced by 11.5 s. If the moving distance was short while the duration of acceleration was kept constant, the trapezoidal velocity profile could not be formed. Instead, the triangular velocity profile was designed as shown in Figure 14 . The detailed results are listed in Table 3 . In this experiment, case 2 was the best, where the duration of acceleration was identical to the period of vibration. Figure 15 shows photos of the maximum deviation at the target. The results show that the residual vibration was effectively reduced when the duration of acceleration was identical to or a multiple of the period of vibration. Comparing the best result with the worst result, the amplitude is reduced by 94.5% and the settling time is reduced by 11.5 s.
best, where the duration of acceleration was identical to the period of vibration. Figure 15 shows photos of the maximum deviation at the target. The results show that the residual vibration was effectively reduced when the duration of acceleration was identical to or a multiple of the period of vibration. Comparing the best result with the worst result, the amplitude is reduced by 94.5% and the settling time is reduced by 11.5 s. Figure 14 . The velocity profiles when moving a short distance with a maximum velocity of 1000 mm/s. 
Changing Configuration
The second task consisted of the robot moving linearly over 425 mm with a maximum velocity of 1000 mm/s. The robot moved diagonally in the task space. The start position (x, y, z) was (0, −196.3, 586.2) in mm as shown in Figure 16a and the goal position was (377, 0, 586.2) as shown in Figure 16b . In this case, the configuration of the robot changed during motion, as did its natural frequency.
(a) (b) Figure 16 . The experiment where the robot linearly moved while the configuration changed: (a) initial 
The velocity profiles of the robot are shown in Figure 17 . All four cases were tested in the experiment. The results in terms of amplitude and settling time for all cases are listed in Table 4 . Figure 18 shows photos of the maximum deviation at the target. The amplitude and settling time in cases 2 and 4, in which the acceleration/deceleration time was a multiple of the vibration period of the natural frequency, were smaller than those in cases 1 and 3. The best case in terms of the suppression of residual vibration was case 2, wherein the duration of acceleration was identical to the vibration period. Comparing the best result with the worst result, the amplitude is reduced by 73.1% and the settling time is reduced by 6.125 s.
The The velocity profiles of the robot are shown in Figure 17 . All four cases were tested in the experiment. The results in terms of amplitude and settling time for all cases are listed in Table 4 . Figure 18 shows photos of the maximum deviation at the target. The amplitude and settling time in cases 2 and 4, in which the acceleration/deceleration time was a multiple of the vibration period of the natural frequency, were smaller than those in cases 1 and 3. The best case in terms of the suppression of residual vibration was case 2, wherein the duration of acceleration was identical to the vibration period. Comparing the best result with the worst result, the amplitude is reduced by 73.1% and the settling time is reduced by 6.125 s. To determine the influence of maximum velocity for residual vibration, motion profiles with the same time taken to move were designed as shown in Figure 19 . The velocity in case 4 was then the largest. The amplitude and settling time in cases 2 and 4, in which the acceleration/deceleration time was a multiple of the vibration period of the natural frequency, were smaller than those in cases 1 and 3. Case 2 was the best in terms of suppression of residual vibration when the duration of acceleration was identical to the vibration period. Comparing the best result with the worst result, the amplitude is reduced by 90.3% and the settling time is reduced by 7.25 s. The maximum deviations at the target are compared in Figure 20 .
In Table 4 , it can be shown that the settling time is relatively long in case 4 compared with the Velocity (mm/s) Figure 17 . The velocity profiles when moving 425 mm with a maximum velocity of 1000 mm/s. To determine the influence of maximum velocity for residual vibration, motion profiles with the same time taken to move were designed as shown in Figure 19 . The velocity in case 4 was then the largest. The amplitude and settling time in cases 2 and 4, in which the acceleration/deceleration time was a multiple of the vibration period of the natural frequency, were smaller than those in cases 1 and 3. Case 2 was the best in terms of suppression of residual vibration when the duration of acceleration was identical to the vibration period. Comparing the best result with the worst result, the amplitude is reduced by 90.3% and the settling time is reduced by 7.25 s. The maximum deviations at the target are compared in Figure 20 . To determine the influence of maximum velocity for residual vibration, motion profiles with the same time taken to move were designed as shown in Figure 19 . The velocity in case 4 was then the largest. The amplitude and settling time in cases 2 and 4, in which the acceleration/deceleration time was a multiple of the vibration period of the natural frequency, were smaller than those in cases 1 and 3. Case 2 was the best in terms of suppression of residual vibration when the duration of acceleration was identical to the vibration period. Comparing the best result with the worst result, the amplitude is reduced by 90.3% and the settling time is reduced by 7.25 s. The maximum deviations at the target are compared in Figure 20 . The triangular velocity profiles in Figure 21 were imposed on the robot to check its movement over a short distance. The results are listed in Table 6 . In this experiment, case 2 was the best, where the duration of acceleration was identical to the vibration period. Figure 22 shows photos of the maximum deviation at the target. The results show that the residual vibration was effectively reduced when the duration of acceleration was identical to or a multiple of the vibration period. Comparing the best result with the worst result, the amplitude is reduced by 94.7% and the settling time is reduced by 13.0 s. The triangular velocity profiles in Figure 21 were imposed on the robot to check its movement over a short distance. The results are listed in Table 6 . In this experiment, case 2 was the best, where the duration of acceleration was identical to the vibration period. Figure 22 shows photos of the maximum deviation at the target. The results show that the residual vibration was effectively reduced when the duration of acceleration was identical to or a multiple of the vibration period. Comparing the best result with the worst result, the amplitude is reduced by 94.7% and the settling time is reduced by 13.0 s. In Table 4 , it can be shown that the settling time is relatively long in case 4 compared with the case 4 in Table 5 . The reason is that the time of the constant velocity section, t const , is smaller than the acceleration/deceleration time in case 4 of Table 4 . In this case, the residual vibration generated in the acceleration section is not sufficiently reduced within the constant velocity section, so it can be added to the residual vibration due to the deceleration section. The duration of the constant velocity zone should not be less than time period corresponding to the natural frequency. The triangular velocity profiles in Figure 21 were imposed on the robot to check its movement over a short distance. The results are listed in Table 6 . In this experiment, case 2 was the best, where the duration of acceleration was identical to the vibration period. Figure 22 shows photos of the maximum deviation at the target. The results show that the residual vibration was effectively reduced when the duration of acceleration was identical to or a multiple of the vibration period. Comparing the best result with the worst result, the amplitude is reduced by 94.7% and the settling time is reduced by 13.0 s. The experimental results using a flexible beam attached to the six-DOF industrial robot manipulator show that residual vibration caused by the motion profile imposed on the robot manipulator can be reduced by setting the acceleration/deceleration time to be identical to or twice the period corresponding to the natural frequency of the given object. Furthermore, the proposed method can be applied to cases where the configuration of the robot does and does not change while moving flexible objects.
Discussion
We conducted simulation to compare the proposed method with IST (Input Shaping Technique) in reference [6] and the natural frequency of the target system is assumed to be 8 Hz. It is assumed that the system is moved by 100 mm in 3 s. In Figure 23a , the results for three cases are represented. The first and second cases are when the acceleration time is equal to half of the period corresponding to the natural frequency and equal to the period, respectively. The third one is the result when the IST is applied to the motion. The system reaches the target point at 3 s in the first and second case but Figure 21. The velocity profiles when moving a short distance with a maximum velocity of 1000 mm/s. The experimental results using a flexible beam attached to the six-DOF industrial robot manipulator show that residual vibration caused by the motion profile imposed on the robot manipulator can be reduced by setting the acceleration/deceleration time to be identical to or twice the period corresponding to the natural frequency of the given object. Furthermore, the proposed method can be applied to cases where the configuration of the robot does and does not change while moving flexible objects.
We conducted simulation to compare the proposed method with IST (Input Shaping Technique) in reference [6] and the natural frequency of the target system is assumed to be 8 Hz. It is assumed that the system is moved by 100 mm in 3 s. In Figure 23a , the results for three cases are represented. The first and second cases are when the acceleration time is equal to half of the period corresponding to the natural frequency and equal to the period, respectively. The third one is the result when the IST is applied to the motion. The system reaches the target point at 3 s in the first and second case but The experimental results using a flexible beam attached to the six-DOF industrial robot manipulator show that residual vibration caused by the motion profile imposed on the robot manipulator can be reduced by setting the acceleration/deceleration time to be identical to or twice the period corresponding to the natural frequency of the given object. Furthermore, the proposed method can be applied to cases where the configuration of the robot does and does not change while moving flexible objects.
We conducted simulation to compare the proposed method with IST (Input Shaping Technique) in reference [6] and the natural frequency of the target system is assumed to be 8 Hz. It is assumed that the system is moved by 100 mm in 3 s. In Figure 23a , the results for three cases are represented. The first and second cases are when the acceleration time is equal to half of the period corresponding to the natural frequency and equal to the period, respectively. The third one is the result when the IST is applied to the motion. The system reaches the target point at 3 s in the first and second case but time delay exists to arrive at the target point when IST is applied in the third case. If the results at 3 s is expanded in Figure 23b , there is about 0.06 s of delay time to reach the target point. It is a half of the time period 0.125 s, that is reciprocal of 8 Hz of the natural frequency. Also, we can determine that the residual vibration is reduced more quickly when the acceleration time is equal to the vibration period. 
Conclusions
In this paper, we proposed a method to reduce the residual vibration in a robot by setting its acceleration/deceleration time. A jerk is the first derivative of its acceleration, and can be applied as an impulse-type input to the target system. By exploring this idea, the time between the occurrences of jerks in the trapezoidal motion profile was analyzed to reduce the vibrations generated by them. The duration between jerks corresponded to the time for the acceleration and the deceleration sections. It was confirmed that the residual vibration can be reduced when the interval is equal to or a multiple of the period of vibration corresponding to the natural frequency of the given object. Experiments were carried out featuring the motion of a six-DOF industrial robot manipulator equipped with a flexible beam at a frequency of 8 Hz. The experiments were performed for cases involving the same velocity and those of the same time taken to move where the acceleration/deceleration time was a multiple of the vibration period. The results show that that the amplitude and settling time of residual vibration was reduced by 73.1~95.0% in the maximum amplitude and by 6.125 s~13.0 s in settling time where the acceleration/deceleration time was a multiple of the vibration period. In designing trapezoidal profile, it is shown that the duration of the constant velocity zone should be longer than the time period corresponding to the natural frequency. This is because the residual vibration generated in the acceleration section can be added to the residual vibration due to the deceleration section if the duration of the constant velocity zone is short. If the moving distance was short, a triangular motion profile was generated with no constant velocity section. It was confirmed that vibration can be reduced, as in the case of applying a general trapezoidal profile even when a constant velocity section does not exist.
In this method, the trapezoidal profile used mainly for industrial robots was used as is, and a method to determine the acceleration/deceleration time, to design the robot, was directly applied to reduce vibrations. Unlike the input-shaping method, which is mainly applied to simple systems such as a crane, this method has the advantage of no time delay. It is shown that the acceleration/deceleration time is designed based on one dominant frequency and it is effective in reducing the residual vibration by implementing the experiment using the industrial robot. This is a limitation caused by targeting trapezoidal velocity motion profiles that are commonly applied to industrial robots.
In future work, more experiments will be conducted to test the application of the proposed method to a variety of multi-DOF robots. We will also study a method that can be extended to the case where the natural frequency of the object is unknown and will extend the proposed method to the case of considering multiple resonant frequencies. 
